The signal transduction protein P II from the cyanobacterium Synechococcus elongatus strain PCC 7942 forms a complex with the key enzyme of arginine biosynthesis, N-acetyl-L-glutamate kinase (NAGK). Here we report the effect of complex formation on the catalytic properties of NAGK. Although pH and ion dependence are not affected, the catalytic efficiency of NAGK is strongly enhanced by binding of P II , with K m decreasing by a factor of 10 and V max increasing 4-fold. In addition, arginine feedback inhibition of NAGK is strongly decreased in the presence of P II , resulting in a tight control of NAGK activity under physiological conditions by P II . Analysis of the NAGK-P II complex suggests that one P II trimer binds to one NAGK hexamer with a K d of ϳ3 nM. Complex formation is strongly affected by ATP and ADP. ADP is a strong inhibitor of complex formation, whereas ATP inhibits complex formation only in the absence of divalent cations or in the presence of Mg 2؉ ions, together with increased 2-oxoglutarate concentrations. Ca 2؉ is able to antagonize the negative effect of ATP and 2-oxoglutarate. ADP and ATP exert their adverse effect on NAGK-P II complex formation through binding to the P II protein.
The signal transduction protein P II from the cyanobacterium Synechococcus elongatus strain PCC 7942 forms a complex with the key enzyme of arginine biosynthesis, N-acetyl-L-glutamate kinase (NAGK). Here we report the effect of complex formation on the catalytic properties of NAGK. Although pH and ion dependence are not affected, the catalytic efficiency of NAGK is strongly enhanced by binding of P II , with K m decreasing by a factor of 10 and V max increasing 4-fold. In addition, arginine feedback inhibition of NAGK is strongly decreased in the presence of P II , resulting in a tight control of NAGK activity under physiological conditions by P II . Analysis of the NAGK-P II complex suggests that one P II trimer binds to one NAGK hexamer with a K d of ϳ3 nM. Complex formation is strongly affected by ATP and ADP. ADP is a strong inhibitor of complex formation, whereas ATP inhibits complex formation only in the absence of divalent cations or in the presence of Mg 2؉ ions, together with increased 2-oxoglutarate concentrations. Ca 2؉ is able to antagonize the negative effect of ATP and 2-oxoglutarate. ADP and ATP exert their adverse effect on NAGK-P II complex formation through binding to the P II protein.
P II proteins constitute a large family of signal transduction proteins reported from all three domains of life. Bacterial P II signaling proteins have been shown to play pivotal roles in the control of various aspects of nitrogen assimilation, such as ammonium assimilation (reviewed in Refs. 1 and 2), uptake of nitrogen sources (3, 4) , or nitrogen fixation (5) . In these cellular processes, P II proteins exert control on the level of transcription, e.g. by interaction with a two-component sensor kinase NtrB (6) or with the NifL/NifA system (7) . P II also exerts control on the level of enzyme activity, e.g. by modulating the activity of regulatory enzymes such as glutamine synthetase adenylyltransferase (8) , the nitrogenase switch-off system DraT/DraG (9, 10) , or the activity of transport systems (11) . Interaction of the P II proteins with its targets of regulation, the P II receptors, has been studied in depth with the P II receptors in Escherichia coli, NtrB and GlnE (8, 12, 13) , as well for NifL in nitrogen-fixing proteobacteria (7, 14) . In each case, the signal input status of the P II proteins plays a crucial role for the interaction. In proteobacteria, which typically encode two P II paralogues, GlnB and GlnK, the trimeric P II proteins are subject to covalent modification at tyrosyl residue 51 (15) (16) (17) , located on the solvent-exposed T-loop, in response to the cellular nitrogen status that is perceived by the cellular glutamine level (18) . In addition, P II proteins bind the effector molecules 2-oxoglutarate and ATP in a synergistic manner (19, 20) . Cyanobacteria have one P II homologue of the GlnB subfamily; its structure and ligand binding properties is highly similar to that of the E. coli P II proteins as shown for the unicellular cyanobacterium Synechocococcus elongatus strain PCC 7942 (20 -22) . P II proteins from plant chloroplasts are closely related to the cyanobacterial homologues and display similar ligand binding properties (23) . Generally, cyanobacterial P II proteins are subject to covalent modification in response to the cellular nitrogen/carbon status through phosphorylation at seryl residue 49, as shown for S. elongatus P II (4, 24) . However, P II proteins from the genus Prochlorococcus and the plant P II homologues seem not to be covalently modified, although their sequences contains residue Ser-49 (25, 26) . Phosphorylation and dephosphorylation of S. elongatus P II depends on the intracellular 2-oxoglutarate level, with high levels favoring P II phosphorylation and low levels favoring P II -P dephosphorylation (4, 27) . Dephosphorylation of phospho-P II (P II -P) in Synechocystis sp. strain PCC 6803 cells is catalyzed by a PP2C homologue protein phosphatase, termed PphA (28) . Dephosphorylation of P II -P by PphA is controlled by the effector molecules binding to P II -P. 2-Oxoglutarate in synergy with ATP leads to a strong inhibition of dephosphorylation, whereas ADP has a partial inhibitory effect (29, 30) .
Unlike in proteobacteria, receptors of P II signaling have not been known at the molecular level in cyanobacteria, although physiological studies suggested P II to be involved in the regulation of nitrite/nitrate transport (11) and the global transcriptional activator NtcA under conditions of nitrogen deprivation (31, 32) . Recently, the first cellular component regulated by PII could be identified in S. elongatus (33) . The enzyme N-acetyl-L-glutamate kinase (NAGK), 1 encoded by the argB gene, is a biosynthetic enzyme that catalyzes the committed step in arginine biosynthesis in organisms performing the "cyclic" arginine pathway (34 -37) and is the first biosynthetic enzyme with P II receptor function. Yeast two-hybrid studies with P II -and * This work was supported by Deutsche Forschungsgemeinschaft Grant Fo 195/4. The costs of publication of this article were defrayed in part by the payment of page charges. This article must therefore be hereby marked "advertisement" in accordance with 18 U.S.C. Section 1734 solely to indicate this fact.
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ʈ To whom correspondence should be addressed. NAGK-encoding genes from various cyanobacteria and plants suggested that P II -dependent NAGK regulation is conserved in organisms performing oxygenic photosynthesis (38) . Nonphosphorylated P II forms a stable complex with NAGK and stimulates its catalytic activity, whereas mutations in Ser-49 abolish complex formation and stimulation of enzyme activity (33) . In agreement with the crucial role of Ser-49 in complex formation, enhanced NAGK activity is only observed in S. elongatus extracts in which P II is present in its nonphosphorylated state, whereas in extracts containing phospho-P II , NAGK is as low as in P II mutant cells. To gain a deeper insight into the factors controlling NAGK-P II complex formation and activation of enzyme activity, a biochemical study of P II -NAGK interaction was performed. Here we report the principal catalytic and structural properties of S. elongatus NAGK and its modulation by P II complex formation and the role of effector molecules and divalent cations on complex formation and stability.
EXPERIMENTAL PROCEDURES
Overexpression and Purification of P II and NAGK-Overexpression and purification of recombinant P II protein with C-terminal fused Strep-tag II peptide (IBA, Göttingen, Germany) was performed as reported previously (33) .
For preparation of His 6 -tagged recombinant NAGK, the argB gene from S. elongatus was PCR-amplified from genomic DNA using the following primer pair: His tag NAGK for, 5Ј-TCATATGTCTAGC-GAGTTTATCGAAGCAG-3Ј, and His tag NAGK rev, 5Ј-TGGATCCAG-GTCACGGATCGCTCATTG-3Ј. The resulting 960-bp PCR product was directly cloned into the PCR cloning vector pGEM-T (Promega) resulting in plasmid pGEM-NAGK. DNA from this plasmid was digested with NdeI and BamHI. The 953-bp fragment containing the argB gene was isolated and cloned into the NdeI/BamHI sites of expression vector pET15b (Novagen) to generate plasmid pET-NAGK, which encodes an N-terminal His 6 fusion to the ArgB polypeptide. After verifying the sequence of pET-NAGK, the plasmid was transformed into E. coli strain BL21(DE3). These cells were grown to an absorbance (A 600 ) of about 0.8; overexpression of His 6 -NAGK was initiated by the addition of 0.5 mM isopropyl 1-thio-␤-D-galactopyranoside. Incubation was continued for 2 h at 26°C to minimize the formation of insoluble inclusion bodies. The cells were harvested by centrifugation, washed with Tris-Cl, pH 7.4, 100 mM NaCl, and kept frozen until use. To prepare His 6 -NAGK, the cell pellet was thawed and resuspended in buffer containing Tris-Cl, pH 7.4, 50 mM KCl, 400 mM NaCl, 5 mM MgCl 2 , 0.5 mM EDTA, 1 mM DTT, 1 mM benzamidine, and 0.2 mM phenylmethylsulfonyl fluoride. Cells were disrupted by sonification and unbroken cells, and cell debris was removed from the lysate by two consecutive centrifugations (10 min at 10,000 ϫ g and 30 min at 30,000 ϫ g) at 4°C. The supernatant was loaded on a 15-ml Ni-NTA-agarose (Qiagen) column connected to a BioLogic chromatography station (Bio-Rad). The column was washed with 20 mM Tris-Cl, pH 8.1, 400 mM NaCl, 20 mM imidazole until basal absorbance was attained, and the bound His-tagged protein was then eluted with elution buffer (20 mM Tris-Cl, pH 8.1, 400 mM NaCl, 250 mM imidazole). The elution was collected in 2.5-ml fractions, and the purity of the samples was checked by SDS-PAGE. Fractions containing pure NAGK were pooled and dialyzed against a buffer consisting of 50 mM Tris-Cl, pH 7.8, 100 mM KCl, 5 mM MgCl 2 , 1 mM DTT, 0.5 mM EDTA, and 25% (v/v) glycerol and stored at Ϫ20°C until use.
The concentrations of the purified proteins were calculated from their absorbance at 280 nm using an extinction coefficient of 9770 M Ϫ1 cm Ϫ1 for NAGK and 8480 M Ϫ1 cm Ϫ1 for P II calculated from their amino acid composition (39) .
Assay of NAGK Activity-Activity of purified His 6 -NAGK was measured using the hydroxylamine-containing colorimetric assay (40) with modifications described previously (33) . The pH of the reaction mixture was adjusted to 7.5, unless otherwise stated. For the determination of optimum pH, hydroxylamine in the reaction buffer was titrated with various amounts of Tris (base) until the final pH was reached. Reaction conditions and calculation of specific activities was performed as described (33) . The program GraphPadPrism (GraphPad Software, San Diego) was used for fitting to the arginine inhibition data and generating the sigmoidal curves. This same program was used for hyperbolic fitting of the substrate saturation data, and for estimating V max and K m value.
BIAcore Surface Plasmon Resonance Detection-Surface plasmon resonance experiments were performed using a BIAcore X biosensor system (Biacore AB, Uppsala, Sweden). To immobilize His 6 -NAGK on the NTA-biosensor surface, first Ni 2ϩ was bound to the NTA surface of both flow chambers through injection of 10 l of a 5 mM NiSO 4 solution. Then His 6 -NAGK was injected to flow chamber 2 in a volume of 50 l at a concentration of 30 nM (hexamers) in HBS buffer (10 mM HEPES, 150 mM NaCl, 0.005% Nonidet P-40, pH 7.5). This resulted in an increase of resonance units of ϳ1500. Experiments were performed at 25°C in HBS buffer at a flow rate of 15 l/min. To analyze the effect of small molecules on P II binding to the His 6 -NAGK surface, the analyte was incubated for 5 min on ice with the various effector molecules as indicated and was then injected to the sensor chip. P II was removed from the His 6 -NAGK surface by injecting 25 l of 1 mM ADP. For novel reloading of the NTA sensor chip with fresh His 6 -NAGK, 50 l of 0.4 M EDTA was injected to completely remove His 6 -NAGK and Ni 2ϩ . Subsequently, the chip could be loaded again with Ni 2ϩ and His 6 -NAGK as described above. This procedure was performed when the performance of P II binding to the His 6 -NAGK surface started to decrease.
UV Cross-linking of ATP/ADP to P II and NAGK-UV-cross-linking of [␥-
32 P]ATP (Amersham Biosciences) or [8] [9] [10] [11] [12] [13] [14] C]ADP (Moravek Biochemicals, Inc) to P II and NAGK was carried out as described (41) . Briefly, 2.5 g of P II or 2.5 g of NAGK was incubated in 20 l of 10 mM HEPES, pH 7.5, 150 mM NaCl, 0.005% Nonidet P-40, and 5 g of bovine serum albumin with [␥- 05 Ci/50 M) in the presence or absence of divalent cations and 2-oxoglutarate. After 10 min on ice in the dark, the samples were exposed for 20 min to UV light (UV lamp 254 nm, 4 watts, Heraeus) at a distance of 1 cm. The samples were then were mixed with 10 l of SDS-loading buffer, heated for 4 min to 95°C, and separated by 15% SDS-PAGE. The gels were stained with Coomassie, dried, and exposed to phosphor-screens (BioRad) for 12 h for 32 P labeling, and for 1 week for 14 C labeling. The phosphor-screens were scanned with the PhosphorImager system (Personal Imager FX, Bio-Rad) at 100-m resolution.
Histidine Tag Pulldown Assays of NAGK-P II Complexes-His 6 -NAGK (4 g) was added to Strep-tagged P II protein (1.6 g) in 50 l of 10 mM HEPES, pH 7.5, 150 mM NaCl, 0.005% Nonidet P-40 in the presence or absence of nucleotides (ATP or ADP at 5 mM), cations (MgCl 2 or CaCl 2 at 5 mM), and 5 mM 2-oxoglutarate. The mixture was incubated for 5 min on ice and was then loaded onto a Ni-NTA spin column. The mini spin column (Vivapure metal chelate mini spin column "m" Vivascience AG) was loaded with Ni 2ϩ and equilibrated with 400 l of buffer (10 mM HEPES, pH 7.5, 150 mM NaCl, 0.005% Nonidet P-40 and 10 mM imidazole) prior to sample loading. The equilibration buffer was then removed by centrifugation, and 50 l of the reaction mixture was loaded onto the column. The flow-through was collected, and unbound proteins were removed by washing three times with buffer (10 mM HEPES, pH 7.5, 150 mM NaCl, 0.005% Nonidet P-40, 20 mM imidazole, pH 8.0) containing the same metabolites and divalent cations present in the reaction mixture. Elution of His 6 -NAGK or His 6 -NAGK-P II complex was performed by the addition of 100 l of elution buffer (10 mM HEPES, pH 7.5, 150 mM NaCl, 0.005% Nonidet P-40, and 400 mM imidazole). Of the eluate, a 50-l aliquot was loaded on a 12.5% SDS-polyacrylamide gel and stained with silver nitrate (42) .
Analytical Ultracentrifugation-A Beckman XL-A analytical ultracentrifuge equipped with UV absorption optics was used for sedimentation rate and sedimentation-diffusion equilibrium experiments. For sedimentation rate analysis, samples were spun at 38,000 rpm and 20°C using charcoal-filled double sector centerpieces in an analytical AN-Ti50 rotor. Sedimentation profiles were analyzed with the program SEDFIT (43) which yields diffusion-corrected sedimentation coefficient distributions. Sedimentation diffusion equilibrium measurements were done with 6 channel centerpieces in an analytical AN-Ti60 rotor at 25°C and 10,000 rpm. Samples were spun for at least 18 h, and it was assumed that equilibrium had been reached when the measured concentration profiles did not change measurably over a period of at least 12 h. For signal smoothing, all profiles measured during this 12-h period were averaged. Apparent molar masses were calculated from these averaged profiles by fitting the distribution function as shown in Equation 1 (43) ,
where A(x) is the absorption at position x in the cell; A(0) is the buffer absorption measured after sedimenting all proteins at 44,000 rpm for 8 h; n is the number of different species (n ϭ 1 for experiments with P II and n ϭ 2 in case of NAGK equilibria); A i (x 0 ), M i , and v i are the absorption at position x(0), the molar mass, and the partial specific volume of the ith species, respectively. Partial specific volumes were calculated from amino acid composition using the program SEDNTRP (Amgen Corp.), and fitting was done with the program package BPCFIT/AKKUPROG (44) .
RESULTS

Characterization of Enzymatic Properties of NAGK and of the NAGK-P II
Complex-Recently, we have reported NAGK-PII interaction and stimulation of NAGK catalytic activity by this complex formation (33) . To characterize further the P II -dependent activation of NAGK, first the optimal pH as well as ATP and divalent cation requirement of the in vitro NAGK reaction in the presence or absence of P II was determined. Fig. 1 shows NAGK activity in the presence and absence of P II protein at different pH ranges from 5.5 to 8.5. The pH optimum of both free and P II -complexed NAGK was approximately a pH of 7.5. With respect to the ATP dependence of the in vitro NAGK reaction, 10 mM ATP were found to be required to obtain maximal activity and for divalent cations, and at least 20 mM MgCl 2 were required for maximal activity of both free and P II -complexed NAGK (data not shown).
To determine K m and V max values of NAGK in the presence or absence of P II , enzyme reactions were carried out at pH 7.5 with 10 mM ATP and 20 mM MgCl 2 at different concentrations of substrate N-acetyl-L-glutamate. Fig. 2 shows the plot of reaction velocity versus substrate concentration, exhibiting a Michaelis-Menten profile and the corresponding double-reciprocal plot of the data. An apparent K m of 27.4 mM (Ϯ2.7 mM S.E.) and a V max of 3.3 units/mg (Ϯ0.2 units/mg S.E.) were calculated for free NAGK and a K m of 2.7 mM (Ϯ0.1 mM) and V max of 13.3 units/mg (Ϯ0.2 units/mg) for the NAGK-P II complex. This corresponds to a catalytic efficiency (k cat /K m ) of 0.4 ϫ 10 3 and 16 ϫ 10 3 s Ϫ1 M Ϫ1 for free or P II -complexed NAGK, respectively, which shows that complex formation with P II causes an ϳ40-fold increase of the overall NAGK catalytic efficiency.
Complex Formation with P II Relieves NAGK Feedback Inhibition by Arginine-Arginine biosynthesis in cyanobacteria occurs through the cyclic pathway, in which NAGK catalyzes the committed step of the pathway, which is feedback-regulated by arginine (34 -36) . Since binding of P II to NAGK affects catalytic activity, we studied the inhibitory effect of arginine on free and P II -complexed NAGK. As shown in Fig. 3A , free NAGK is strongly inhibited by arginine with a half-maximal inhibition (I 0.5 ) at 16 Ϯ 1.2 M arginine (95% confidence interval). The sigmoidal inhibition curve suggested cooperativity between multiple allosteric arginine inhibition sites. Nonlinear regression analysis using sigmoidal dose-response (variable slope) fitting (GraphPad Prism program) revealed a Hill coefficient for free NAGK of 3.7 Ϯ 0.3 (95% confidence interval). Complex formation with P II strongly affected feedback inhibition by arginine (Fig. 3B ). In complex with P II , 116 Ϯ 21 M arginine was required to achieve half-maximal inhibition and calculation of the Hill-coefficient resulted in a value of 2.8 Ϯ 0.5. This implies that by complex formation with P II , the cooperativity between arginine feedback inhibition sites is reduced and might suggest that P II blocks arginine-binding sites of NAGK. We also studied the inhibitory effect of other amino acids such as L-glutamine and L-glutamate; however, none of these had any effect on NAGK activity (data not shown).
Structural Investigation of the NAGK-P II Interaction-To get an estimate of the stoichiometry of the NAGK-P II complex, NAGK at high protein concentration (0.625 M His 6 -NAGK monomers) was titrated with increasing amounts of P II protein (from 0.1 to 0.4 M P II monomers). A nearly linear increase in NAGK activity was observed with increasing P II until first saturation was obtained with 0.31 M P II (not shown), suggesting that one P II monomer saturates approximately two NAGK monomers. No further increase of NAGK activity could be observed at even higher concentrations of PII over NAGK as revealed in separate experiments. Because P II is in fact trimeric, this implies that one P II trimer binds six NAGK monomers, suggesting that NAGK is a hexamer, which agrees with a previous estimation of the NAGK size (33) .
To further analyze the size of NAGK and the stoichiometry of the complex, analytical ultracentrifugation analysis on NAGK and the complex was performed. Sedimentation velocity experiments showed that ϳ84% of NAGK sedimented with s 20 w ϭ 8.2 S. By taking into account a monomeric molar mass of 32 kg, this sedimentation rate corresponds to a frictional ratio of 1.07 for a tetramer and 1.4 for a hexamer. Because the frictional ratio of a hydrated globular protein is expected to be larger than 1.1 (43), the most likely oligomeric state of NAGK is a hexamer. The remaining 16% sedimented with s 20 w ϭ 2.8 S and is most likely a dissociated form of NAGK, since SDS-gel electrophoresis had demonstrated the purity of the sample. Sedimentation diffusion equilibrium experiments with NAGK yielded a molar mass of 185 Ϯ 30 kg/mol for the major component, further indicating the hexameric state of the protein (not shown). For P II a molar mass of 42 Ϯ 1 kg/mol was determined, demonstrating the presence of a trimer.
In a mixture of P II in molar excess and NAGK, two sedimenting boundaries could be observed (Fig. 4, A and B) . The faster moving boundary sedimented with ϳ10 S. Because free P II sedimented with 3 S and free NAGK with 8 S, this increase in sedimentation rate is a clear indication of complex formation. The slower moving boundary sedimented with 3 S and thus represented free P II and monomeric NAGK. The absorbance of the slow moving boundary corresponding to free P II and the absorbance of the fast moving boundary corresponding to the complex are a measure of the relative amount of free P II present in the mixture. In a sedimentation experiment with increasing concentrations of P II relative to NAGK, this correlation was used to estimate the stoichiometry of the complex. Fig.  4C shows this stoichiometry to be 0.5:1 (Monomer P II /Monomer NAGK), which clearly shows that a single P II trimer binds to the NAGK hexamer.
Estimation of the Dissociation Constant of the NAGK-P II Complex-To estimate the dissociation constant of the NAGK-P II complex, a serial dilution of a NAGK-P II mixture at a constant molar ration of 1:1 NAGK (hexamer) to P II (trimer) was made (final protein concentrations: 16.6, 12.5, 8.3, 6.6, 5, 3.3, and 1.7 nM). The specific NAGK activities at each concentration were determined, and from the known specific activities Fig. 1 . The curves were fitted to the data using the sigmoidal doseresponse curve (GraphPad prism 4.0) from which the Hill coefficient (N) half-maximal inhibition (I 0.5 ) for arginine was determined. Means of triplicate determinations are shown with an S.D. of less than 5%.
FIG. 3. Feedback inhibition of NAGK and of the NAGK-P II complex by arginine. Inhibitory effect of arginine on the activity of NAGK (A) and of the NAGK-P II complex (B). The amounts of protein were as in
FIG. 4. Analytical ultracentrifugation of NAGK-P II complex.
A, analytical ultracentrifugation of 15.7 M NAGK (monomer) and 17.3 M P II (monomer) at 38,000 rpm in 10 mM sodium phosphate, pH 7.2, 0.15 M KCl, 5 mM MgCl 2 , 0.5 mM EDTA, and 0.2 mM DTT. A, scans taken at intervals of 19 min. B, sedimentation coefficient distribution calculated with SEDFIT. C, stoichiometry of NAGK-P II interaction as determined from sedimentation velocity experiments in the analytical ultracentrifuge. Different concentrations of P II and NAGK were mixed, and the fast and slow sedimenting peaks from the sedimentation coefficient distribution (as depicted in B) were integrated. After correcting for 16% slow sedimenting component of NAGK alone (see text), the molar ratio of free P II (slowly sedimenting) to total NAGK was plotted versus the ratio of total P II over total NAGK. All concentration ratios refer to protein monomers. of free and P II -bound NAGK, the proportion of complexed to free NAGK at each protein concentration was calculated. By applying the law of mass action, the dissociation constant at each concentration was calculated. This resulted in apparent K d values of 2.6, 2.8, 3.3, 2.9, 4.2, 2.7, and 1.6 nM, from high to low protein concentrations, respectively. This yields an estimate for the K d of NAGK-P II complex formation of 2.9 Ϯ 0.7 nM.
BIAcore Analysis of NAGK and P II Interaction-To further investigate the influence of effector molecules on the interaction between P II and NAGK, BIAcore surface plasmon resonance (SPR) analysis was employed. His 6 -tagged NAGK was immobilized on chelating NTA sensor chips, and Strep-tagged P II protein was used as an analyte. The sensorgram in Fig. 5A shows the interaction of P II to immobilized NAGK at increasing analyte concentrations. The binding was almost saturated at 400 nM P II (trimer), which was used as analyte concentration for further analysis. This binding was not observed when other His-tagged proteins (His 6 -NtcA from S. elongatus or His 6 -TnrA from Bacillus subtilis) were immobilized on the sensor chip (not shown), revealing that the observed binding of P II is specific for NAGK. When P II was replaced by a P II S49E mutant, which is not able to form a stable complex with NAGK (33), no increase in resonance units could be detected on an NAGK-loaded sensor chip, confirming that the observed binding is because of FIG. 5 . BIAcore analysis of NAGK-P II complex formation. A, titration of His 6 -NAGK immobilized on the Ni 2ϩ -NTA surface with increasing amounts of P II (from 50 to 400 nM P II trimers). The analyte P II was injected in a volume of 25 l at a flow rate of 15 l/min. The graph shows the response difference between flow chamber 2 and flow chamber 1. B, influence of ATP on the interaction of P II with His 6 -NAGK. From bottom to top, the solid lines show the interaction of 400 nM P II (trimers) in the presence of increasing ATP concentrations (0, 10, 25, 50, 100, and 1000 M, respectively). C, influence of ADP on the interaction of P II with the His 6 -NAGK surface. From bottom to top, the solid lines show the interaction of 400 nM P II (trimers) at an ADP concentration of 0, 10, 25, 50, and 100 M, respectively. D, influence of GTP on the interaction of P II with the His 6 -NAGK surface. From bottom to top, the solid lines show the interaction of 400 nM P II (trimers) at an GTP concentration of 0 and 1 mM, respectively. E, effect of ADP in dissociating the NAGK-P II complex. First, P II (400 nM trimers) was injected to the His 6 -NAGK surface. After 100 s of washing with HBS buffer, 25 l of 1 mM ADP was injected (indicated by the arrow), which removed the P II bound to the His 6 -NAGK surface within a few seconds.
specific NAGK-P II interaction (not shown). Binding of the P IIlike GlnK protein from Azotobacter vinelandii to its receptor NifL on BIAcore sensor chips had been reported previously (14) . In comparison, the Synechococcus NAGK-P II complex appears to be much more stable as revealed from the very slow dissociation of the complex following the injection phase (see Fig. 5A ). Indeed, it was not possible to efficiently dissociate the complex by using various treatments such as high salt injections or pH changes. Therefore, the chip had to be regenerated with imidazole and reloaded with His 6 -NAGK for each single measurement. In the course of the measurements, we learned that ADP is highly efficient in dissolving the NAGK-P II complex (see below), which was subsequently used to regenerate the NAGK-coated chip surface.
To test the effect of various effector molecules on the interaction of NAGK with P II , 0.4 M P II (trimer) was incubated with effector molecules, and the mixture was used as analyte in SPR analysis. The overlay plot in Fig. 5B shows the effect of ATP. In a buffer that is devoid of divalent cations, increasing ATP concentrations impair complex formation, with 1 mM ATP being completely inhibitory. ADP impairs NAGK-P II interaction even more strongly, with 100 M being sufficient to completely abolish complex formation (Fig. 5C ). By contrast, GTP had no effect on complex formation (Fig. 5D) . The effect of ADP on the NAGK-P II complex is shown in Fig. 5E . Immediately after ADP was injected to the preformed NAGK-P II complex, rapid dissociation was observed, reaching the basal levels of resonance units (P II free surface) within seconds.
The strong negative effect of ATP on complex formation was surprising, since in previous experiments using gel filtration, ATP did not impair NAGK-P II interaction (33) . However, these experiments were performed in a buffer containing 5 mM MgCl 2 . Therefore, we investigated the effect of divalent cations on NAGK-P II complex formation. Fig. 6 shows the sensorgram of P II binding to NAGK at different concentrations of MgCl 2 or CaCl 2 in the presence of either 1 mM ATP or 1 mM ADP. MgCl 2 or CaCl 2 could indeed relieve the inhibitory effect of ATP; ϳ0.5 mM of these salts was required to restore almost completely the NAGK-P II complex formation (Fig. 6, A and B) . By contrast, the divalent cations could not relieve the antagonistic effect of ADP (Fig. 6, C and D) . In contrast to Mg 2ϩ and Ca 2ϩ , Mn 2ϩ had no effect on complex stability in the presence of ATP (not shown).
To investigate whether the effect of ADP on NAGK-P II interaction may be of physiological significance, competition experiments between these two nucleotides were performed. At a constant concentration of 1 mM ATP, increasing concentrations of ADP were added to the analyte, which did reduce the degree of binding. In the presence of 1 mM ADP, binding (measured as increase in response difference after injecting P II to the sensor chip) was reduced by about 10%. In the presence of 3 mM ADP, reduction was about 35%; and at 5 mM ADP, ϳ55% of P II binding was abolished (data not shown).
2-Oxoglutarate is known to be the primary effector molecule involved in P II signaling and strongly affects interaction of proteobacterial P II proteins with their receptors. As shown in Fig. 7A , 2-oxoglutarate strongly affected the complex formation in a buffer containing 1 mM ATP and MgCl 2 . Already micromolar quantities of this metabolite significantly reduced P II binding, and at 1 mM, P II binding was almost completely abolished. We observed that CaCl 2 is able to antagonize the negative effect of 2-oxoglutarate on complex formation. As shown in Fig.  7B , complex formation in the presence of 1 mM 2-oxoglutarate and ATP could be recovered in the presence of increasing CaCl 2 concentrations, with 0.5 mM CaCl 2 being almost sufficient to fully restore binding. By contrast, increasing the concentration of MgCl 2 could not recover the inhibitory effect of 1 mM 2-oxoglutarate (Fig. 7C) . The transient increase of resonance units is an effect of the high Mg 2ϩ concentration, as shown in the control experiment in which 20 mM MgCl 2 was injected in the absence of P II (Fig. 7D) . In the absence of ATP, there was no effect of 2-oxoglutarate on NAGK-P II interaction (data not shown).
Finally, the effect of arginine on P II complex formation was analyzed. Arginine used in concentrations that were shown to be inhibitory for NAGK activity, slightly stimulated complex formation, suggesting that feedback-inhibited NAGK might have a little higher affinity for P II (data not shown).
To verify independently the influence of effector molecules on NAGK-P II complex formation observed by BIAcore analysis, we analyzed complex formation by co-chromatography of His 6 -tagged NAGK with P II on Ni-NTA columns. P II was co-eluted along with His 6 -tagged NAGK in the absence of effector molecules, as noted previously (33) (Fig. 8A) . P II was also co-eluted in a buffer containing either 5 mM MgCl 2 or 5 mM CaCl 2 in the presence of 5 mM ATP or in the presence of 5 mM ATP together with 5 mM CaCl 2 and 5 mM 2-oxoglutarate (Fig. 8B, lanes  IV-VI) . However, no co-elution of P II with His 6 -NAGK was observed in a divalent cation-free buffer containing the same concentration of nucleotides or ATP/2-oxoglutarate (Fig. 8B,  lanes I-III) , thus qualitatively supporting the data from the BIAcore analysis.
Binding of ATP or ADP to the NAGK-P II Complex Revealed by Photolabeling-ATP and ADP alone as well as 2-oxoglutarate in the presence of ATP showed negative effects on NAGK-P II complex formation, and divalent cations relieved these negative effects to some extent. Therefore, we performed UVphotolabeling experiments with [ 32 P]ATP and [ 14 C]ADP under different buffer conditions to analyze which proteins the nucleotides bind to preferentially. The experiment depicted in Fig. 9 shows that both ATP and ADP were binding only to P II in detectable amounts. Fig. 9A shows photolabeling with In the presence of 5 mM MgCl 2 , ATP binding to free P II was highly dependent on 2-oxoglutarate, whereas in the presence of NAGK, ATP binding was not affected by this metabolite (Fig.  9B) . Ca 2ϩ ions affected ATP binding in a different manner than Mg 2ϩ ions (Fig. 9C ). In the presence of 5 mM CaCl 2 , ATP photolabeling to P II was not impaired by the presence of NAGK, and 2-oxoglutarate stimulated ATP binding to P II both in the presence or absence of NAGK. Photolabeling of [
14 C]ADP to P II was not influenced by NAGK, and there was no synergy observed between 2-oxoglutarate and ADP binding (Fig. 9D ).
DISCUSSION
In this communication, the principal biochemical properties of NAGK from S. elongatus, the novel P II receptor in cyanobacteria, are presented. Concerning the native molecular size of NAGK, we previously reported data (33) from gel filtration analysis in which NAGK eluted corresponding to a molecular mass of 180 kDa. This is close to the predicted size of 196 kDa for hexameric NAGK, which is now supported by ultracentrifugation analysis. Further support for the hexameric structure of NAGK is provided by the stoichiometry between P II and NAGK complex formation. Both enzymological and ultracentrifugation data suggest a stoichiometry of one P II monomer per two NAGK subunits. Considering the trimeric structure of P II , this implies that one P II trimer binds to a hexameric NAGK. Formally, our data did not completely exclude the possibility of a pentameric NAGK multimer, although this seems unlikely from a structural point of view and by considering the similarity to recently described bacterial feedback-sensitive NAGK enzymes from Thermotoga maritima and Pseudomonas aeruginosa (37) with a proposed hexameric structure. Argininesensitive NAGK enzymes are found in organisms that perform the cyclic arginine pathway, i.e. which recycle the acetyl group from N-acetylornithine to generate N-acetylglutamate by acetyl transfer. Because arginine synthesis in cyanobacteria occurs through the cyclic pathway (34 -36) , NAGK from S. elongatus is expected to be arginine-sensitive. This is a major difference to the arginine-insensitive dimeric NAGK from E. coli (45) , which performs arginine synthesis through the linear pathway (35) .
Arginine inhibition of NAGK from T. maritima was shown to be sigmoidal with a Hill coefficient of ϳ4, which indicates multiple cooperative allosteric inhibition sites for arginine (37) . The sigmoidal inhibition curve of NAGK activity by arginine that we observed for noncomplexed NAGK has a similar Hill coefficient to that of T. maritima, indicating a similar number of allosteric arginine inhibition sites on both NAGKs. Considering the hexameric structure of both enzymes, this supports the suggestion by Fernandez-Murga et al. (37) that "the hexameric architecture may be a key determinant of arginine sensitivity among NAGKs." Complex formation with P II has a strong impact on NAGK arginine feedback inhibition, with the I 0.5 increasing by an order of magnitude and the Hill coefficient decreasing to about 3. This suggests that P II binding may block an allosteric arginine inhibition site or induce a conformational change in NAGK, which results in a decreased affinity and number of inhibition sites.
The second important consequence of complex formation by P II concerns the catalytic properties. Both K m and V max are affected by P II binding, yielding an overall increase of catalytic efficiency of P II -complexed NAGK by a factor of 40. Comparing the catalytic properties of Synechococcus NAGK with that of T. maritima, it appears that the cyanobacterial NAGK is catalytically much less efficient than that of Thermotoga, and the disadvantage of the Synechococcus enzyme is at least partially restored by complex formation with P II . Therefore, nonphosphorylated P II can be regarded as a regulatory subunit of the cyanobacterial NAGK enzyme.
The complex of P II with NAGK appears to be very stable, as deduced from the slow dissociation observed by SPR analysis. In the case of complex formation between the P II -like protein GlnK with NifL, which has been studied by SPR analysis, a much faster dissociation was observed following the injection phase (14) . The stability of the complex is also revealed by the ease to isolate NAGK-P II complexes from gel filtration columns (33) and might thus present an excellent model system for structural analysis of P II -receptor interactions. Comparing the effects of small effector molecules and divalent cations on different P II -receptor interactions reveals the remarkable evolu- tionary flexibility of the P II protein. The effects reported here have not been observed in any other investigation of P II -receptor interactions. In the case of E. coli P II -receptor interactions, it has been shown that one molecule of 2-oxoglutarate in synergy with ATP must bind to P II to permit interaction with NtrB, GlnE, or GlnD, whereas at high 2-oxoglutarate concentrations in the presence of ATP, when presumably all three anticooperative 2-oxoglutarate-binding sites are occupied, complex formation is impaired (6, 8, 12) . As for E. coli, the P II protein from A. vinelandii requires 2-oxoglutarate for binding to its receptor, NifL; however, in this case, 2-oxoglutarate at high concentrations has no antagonistic effect (14) . In contrast to these examples, complex formation of S. elongatus P II with NAGK requires no effector molecules, but binding of 2-oxoglutarate in the presence of ATP impairs complex formation, an effect that is modulated by divalent cations. The effects of ADP or Mg 2ϩ /Ca 2ϩ ions as shown in this study are novel and have not been reported so far.
If we assume that under physiological conditions the enzymes are present in a Mg 2ϩ -sufficient environment, the data imply that ATP has no negative effect on the NAGK-P II complex. However, ADP is able to impair complex formation, as well as 2-oxoglutarate in synergy with ATP. It is thus tempting to speculate that these properties render NAGK-P II complex formation sensitive to the energy charge of the cells as well as to the global nitrogen/carbon balance, which is reflected by the 2-oxoglutarate level (46) . This seems to be a physiologically appropriate response, because arginine synthesis is a highly energy-consuming pathway and requires a high amount of combined nitrogen. The effect of 2-oxoglutarate is complementary to the role of P II Ser-49 phosphorylation on NAGK binding. When the cells are grown in ammonium-replete medium, which corresponds to low 2-oxoglutarate levels, P II is nonphosphorylated and is capable for NAGK complex formation. At increasing intracellular 2-oxoglutarate levels, complex dissociation is favored, and P II can be phosphorylated at Ser-49, a reaction that is stimulated by ATP and 2-oxoglutarate. From the fact that Ser-49 is crucial for complex formation, it is likely that the T-loop tip is involved in NAGK binding. Therefore, dissociation of the complex may be a sterical prerequisite for the subsequent P II phosphorylation.
The influence of Ca 2ϩ ions on complex formation is not understood and raises the question whether it may be of physiological significance. Ca 2ϩ appears to antagonize the inhibitory effect of 2-oxoglutarate on NAGK-P II complex formation in a specific manner. The interaction between NAGK-P II , Ca 2ϩ , and 2-oxoglutarate is also reflected by the photolabeling experiments. Although in the absence of Ca 2ϩ , ATP binding to P II in the presence of 2-oxoglutarate is impaired by NAGK, 2-oxoglutarate-enhanced ATP binding by P II in complex with NAGK is recovered in the presence of Ca 2ϩ . The molecular mechanism of the Ca 2ϩ effect remains to be elucidated. Recent studies have pointed to a potential role of Ca 2ϩ as second messenger in cellular processes of cyanobacteria, including acclimation toward nitrogen starvation (47) . However, molecular targets of Ca 2ϩ signaling have not been detected so far. Regulation of NAGK-P II complex formation may be an example of such a Ca 2ϩ -sensitive response.
